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A device for generating X-rays having a liquidmetalanode_ 



The invention relates to a device for generating X-rays, which device 
comprises a source for emitting electrons accommodated in a vacuum space, a liquid metal 
for emitting X-rays as a result of the incidence of electrons, and a pumping means for causmg 
a flow of the liquid metal through a constriction where the electrons emitted by the source 
ixnpinge upon the liquid metal, said constriction being bounded by a window, whxch xs 
transparent to electrons and X-rays and separates the constriction from the vacuum space. 



( 

A device for generating X-rays of the kind mentioned in the opening 
paragraph is known from US-A-6,185,277-B1. The window of the known device is relatively 
thin and is made from a material which is transparent to electrons and X-rays, e.g. diamond 
or molybdenum. The window prevents the vacuum space from being contaminated by the 
liquid metal. During operation of the known device, the liquid metal, e.g. mercury, flows 
through the constriction, which forms part of a closed channel system. The source generates 
an electron beam, which passes through the window and impinges upon the liquid metal m an 
impingement position in the constriction. The X-rays, emitted by the liquid metal as a result 
of the incidence of the electron beam, emanate through the window and through an X-ray ex* 
window, which is provided in a housing enclosing the vacuum space. The velocity of the 
flow of the liquid metal in the constriction is relatively high, so that said flow is turbulent. As 
a result the heat, which is generated in the impingement position as a result of the incxdence 
of the electron beam upon the liquid metal, is transported away from the impingement 
position by the flow of the liquid metal in an effective manner. As a result, an increase of the 
temperature of the liquid metal in the impingement position is limited, and a relatively high 
energy level of the electron beam is allowed without causing excessive heating of the liquid 
metal. The closed channel system of the known device further comprises a heat exchanger by 
means of which the liquid metal is cooled down. 

During operation of the known device, a relatively high pressure is generated 
by the pumping means in a portion of the channel system upstream from the constriction in 
order to achieve a sufficiently high velocity of the liquid metal in the constriction. As a result 
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of said high velocity and the so-caUed Bemouffi effect, the liquid metal in the constriction 
has a pressure which is low relative to the pressure generated upstream from the constitution. 
A problem of the known device is that, although the pressure of the liquid metal m the 
constriction is relatively low, deformations and even breakage of the window occur as a 
result of said pressure because the window is relatively thin 



It is an object of the invention to provide a device for generating X-rays of the 
to dmentionedmmeopenmgpa,agraph,inwhichmepressureofmeU,uidmetaJinme 

constriction is further limited, so that deformations of the relatively thin window as a result of 
said pressure are limited and breakage ofthe window is prevented. 

In order to achieve said object, a device for generating X-rays accenting to the 
invention is characterized in that the constriction has a cross-sectional area which, seen m a 
flow direction, increases in such a manner that during operation in said direction, a decrease 
of a flow velocity takes pUce such mat a decrease of a pressure ofthe liquid metal m the 
constriction, caused by viscous flow losses, substantially corresponds with an increase of sard 
pressure caused by said decrease ofthe velocity. 

The invention is based on the recognition that the above mentioned problem of 
toe known device is mainly caused by local pressures of ttteUquid metal in me constriction 

also based on tire insight that the local pressure ofthe liquid metid in the constriction » 
detenntaed both by Are viscous flow losses of the flow ofthe liquid metal in me constncflon 
and by the velocity ofthe flow ofthe liquid metal in the constriction. If said veloctty were 
consent, seen in the direction ofthe flow, which would be the case ifthe constitution had a 
constant cross-sectional area in the direotion of the flow, said pressure would decrease > the 
direction of me flow as a result of said viscous flow losses. As a result, a relatively hrgh 
pressure would be necessary at the enfranceofme constriction in order to achieve a certam 
nnnintal pressure at the end ofthe constriction, said minimal pressure being necessary to 
avoid flow irregularities, such as boundary-layer separations or evaporation, at the end ofthe 
constriction. Said high pressure at the entrance ofthe constriction and the accompanymg 
preaano gradient between the entrance and the end ofthe constriction would cartse a htgh 
nrechanical load on the window, as a result of which the deformation and the risk of breakage 
ofthe window would strongly increase. However, in the device acoording to the invention the 
cross-sectional are* increases in the direction ofthe flow and as aresult the velocity ofthe 
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flow decreases in said direction. As a result of said decrease of the velocity, the pressure of 
the liquid metal would increase in the direction of the flow as a result of the Bernoulli effect 
if the viscous flow losses were zero. In the device according to the invention, said increase of 
the cross-sectional area in the direction of the flow is such that the above mentioned decrease 
of the pressure, caused by the flow losses, is substantially compensated by the above 
mentioned increase of the pressure caused by the Bernoulli effect. As a result, the pressure of 
the liquid metal in the constriction is substantially constant throughout the constriction and, 
as a result, said pressure can be maintained at a relatively low level throughout the 
constriction by a suitable flow rate and pressure of the liquid metal upstream from the 
constriction. As a result, a uniform relatively low mechanical load on the window is 
achieved, so that deformations of the window are considerably limited and breakage of the 
window is prevented. 

A particular embodiment of a device for generating X-rays according to the 
invention is characterized in that opposite to the window the constriction is bounded by a 
wall which tapers relative to the window, seen in an upstream direction opposite to the flow 
direction. In this embodiment, die increase of the cross-sectional area of the constriction in 
the direction of the flow is achieved as a result of the fact that a height of the constriction, i.e. 
a distance between the window and the wall opposite to the window, increases in said 
direction. Thus, the constriction can be provided with a relatively large constant width, i.e. a 
relatively large dimension perpendicular to the direction of the flow and perpendicular to the 
height. In this manner, the device is suitable for generating X-rays having a line focus 
extending in a direction parallel to the width of the constriction, wherein the electrons 
impinge upon the liquid metal in an impingement line extending parallel to the width of the 
constriction. 

A further embodiment of a device for generating X-rays according to the 
invention is characterized in that said wall is deformable by means of at least one actuator, 
the device comprising at least one pressure sensor for measuring the pressure of the liquid 
metal in the constriction and a control member for controlling the actuator as a function of a 
pressure measured by means of the sensor. In this embodiment, the actuator is for example 
controlled in such a manner that the wall opposite to the window is given a profile and the 
constriction is given a cross-sectional area such that the pressure measured by the sensor is 
maintained at a value corresponding with a predetennined intended pressure, or that the 
measured pressure does not exceed a predetermined safety value. Preferably, a plurality a 
sensors is used, so that the pressure can be measured in a plurality of locations in the 
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constriction, and a plurality of actuators is used, so that the profile of the wall opposite to the 
window can be adjusted in each location where the pressure is measured. In this manner, the 
intended uniform low pressure of the liquid metal throughout the constriction can be 
achieved in an accurate manner. 

A yet further embodiment of a device for generating X-rays according to the 
invention is characterized in that said actuator is a piezo-electric actuator. The piezo-electric 
actuator is suitable for generating relatively small and accurate deformations of the wall 
opposite to the window, so that the cross-sectional area of the constriction can be adjusted 
very accurately. In addition, the piezo-electric actuator can also be used as a pressure sensor, 
so that the structure of the device is considerably simplified. 

In the following, embodiments of a device for generating X-rays according to 
the invention will be explained further in detail with reference to the Figures, in which 

Fig. 1 schematically shows a first embodiment of a device for generating X- 
rays according to the invention, 

Fig. 2 shows a constriction of the device of Figure 1, 

Fig. 3 shows a constriction of a second embodiment of a device for generating 
X-rays according to the invention, 

In Figure 1 only the main components of the first embodiment of a device for 
generating X-rays according to the invention are schematically shown. The device comprises 
a housing 1 which encloses a vacuum space 3 in which a source 5 or cathode for emitting 
electrons is accommodated. The device further comprises a closed channel system 7 
comprising an inlet channel 9, a converging part 1 1, a constriction 13, a diverging part 15, an 
outlet channel 17, a heat exchanger 19, and a hydraulic pump 21. The channel system 7 is 
filled with a liquid metal which has the property of emitting X-rays as a result of the 
incidence of electrons. In the embodiment shown, the liquid metal is an alloy of Ga, In, and 
Sn, but also other kinds of metals or metal alloys which are liquid at room temperature, such 
as for example Hg, may be used. The constriction 13 is bounded by a window 23, which is 
transparent to electrons and X-rays, and by a wall 25 opposite to the window 23. In the 
embodiment shown, the window 23 comprises a relatively thin diamond plate, but also other 
kinds of materials which are sufficiently transparent to electrons and X-rays, such as for 
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example Mo, may be used. The window 23 separates the constriction 13 from the vacuum 
space 3, thereby preventing the vacuum space 3 from being contaminated by particles of the 
liquid metal. 

During operation of the device, the liquid metal is caused to flow through the 
constriction 13 by means of the hydraulic pump 21. In the embodiment shown, the hydraulic 
pump 21 is of a conventional type, but also another suitable pumping means may be used 
instead, such as for example a magneto-hydrodynamic pump. The constriction 13 has a 
relatively small cross-sectional area, so that the flow of the liquid metal in the constriction 13 
has a relatively high velocity and is turbulent. The source 5 generates an electron beam 27, 
which passes through the window 23 and impinges upon the liquid metal in an impingement 
position 29 in the constriction 13. As a result of the incidence of the electron beam 27 upon 
the liquid metal, X-rays 31 are generated in the impingement position 29. Thus, the liquid 
metal in the constriction 13 constitutes an anode of the device for generating X-rays. The X- 
rays 31 emanate through the window 23 and through an X-ray exit window 33, which is 
provided in the housing 1 . 

A further result of the incidence of the electron beam 27 upon the liquid metal 
is the generation of a large amount of heat in the impingement position 29. This heat is 
transported away from the impingement position 29 in an effective manner by the flow of the 
liquid metal in the constriction 13, and the heated liquid metal is subsequently cooled down 
again in the heat exchanger 19. In this manner, excessive heating of the liquid metal in the 
impingement position 29 and of the surroundings of the constriction 13 is prevented. By 
means of the flow of the liquid metal in the constriction 13, a relatively high rate of heat 
transport away from the impingement position 29 is achieved, so that a relatively high energy 
level of the electron beam 27 and consequently a relatively high energy level of the X-rays 31 
is allowed. 

As shown in Figure 2, the constriction 13 of the first embodiment of the device 
according to the invention has a length Lc, seen in a main flow direction X, of approximately 
3 mm, a height, i.e. a distance between the window 23 and the wall 25, of approximately 200 
jam, and a width, seen in a direction perpendicular to the main flow direction X and 
perpendicular to the height, of approximately 10 mm. The relatively large width of the 
constriction 13 is used to generate X-rays 31 which have a line focus extending in a direction 
parallel to the width of the constriction 13, i.e. in a direction perpendicular to the plane of the 
drawing of Figure 2. Accordingly, the impingement position 29 is an impingement line which 
also extends in a direction parallel to the width of the constriction 13. In order to obtain a 
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sufficiently high velocity of the liquid metal in the constriction 13 during operation, the pump 
21 generates a relatively high pressure of the liquid metal in the inlet channel 9 upstream 
from the constriction 13. In the embodiment shown, a pressure in the order of 50-60 bar is 
generated in the inlet channel 9 to obtain a flow velocity in the order of 50 m/s in the 
constriction 13. As a result of the Bernoulli effect in the converging part 1 1, the pressure in 
the constriction 13 is in the order of 1 bar. As a result of the Bernoulli effect in the diverging 
part 1 5, the pressure in the outlet channel 17 is in the order of 40-45 bar, which is lower than 
the pressure in the inlet channel 1 1 as a result of viscous flow losses. 

The liquid metal in the constriction 13 has a local pressure which is 
determined both by viscous flow losses of the flow of the liquid metal in the constriction 13 
and by the local main velocity of the flow of the liquid metal in the constriction 13. If said 
local main velocity was constant in the main flow direction X, i.e. if the constriction 13 had a 
constant cross-sectional area in the main flow direction X, said local pressure would decrease 
in the main flow direction X as a result of said viscous flow losses. If said viscous flow losses 
were zero and said local main velocity increased or decreased in the main flow direction X as 
a result of, respectively, a decrease or an increase of the cross-sectional area in the main flow 
direction X, said local pressure would, respectively, decrease or increase as a result of the 
Bernoulli effect. As shown in Figure 2, the wall 25 opposite to the window 23 tapers relative 
to the window 23, seen in an upstream direction opposite to the main flow direction X. As a 
result, the height of the constriction 13 and the cross-sectional area of the constriction 13 
gradually increase in the main flow direction X, and the local main velocity of the flow of the 
liquid metal in the constriction 13 gradually decreases in the main flow direction X. Said 
increase of the cross-sectional area and the accompanying decrease of the local main velocity 
of the flow are such that the decrease of the local pressure of the liquid metal in the 
constriction 13, caused by the viscous flow losses, substantially corresponds with and, as a 
result, is substantially compensated by the increase of said local pressure caused by the 
decrease of the main local velocity and the Bernoulli effect. As a result, the pressure of the 
liquid metal in the constriction 13 is substantially constant throughout the constriction 13. 
Said pressure is maintained at a relatively low level, for example 1 bar or lower, throughout 
the constriction 13 by a suitable flow rate and pressure of the liquid metal in the inlet channel 
9 upstream from the constriction 13. However, said level of the pressure is maintained above 
a certain minimal level, for example above 0,3-0,5 bar, in order to avoid flow irregularities in 
the constriction 13 such as boundary-layer separations or evaporation of the liquid metal. As 
a result of the uniform and low level of the pressure of the liquid metal in the constriction 13, 
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a uniform and relatively low mechanical load on the window 23 is achieved, so that during 
operation deformations of the window 23 are considerably limited and breakage of the 
window is prevented. 

The cross-sectional area of the constriction 13 and the accompanying profile 
of the wall 25 necessary to achieve the above mentioned uniform pressure of the liquid metal 
can be determined by means of a numerical calculation of the flow of the liquid metal in the 
constriction 13 or by means of experiments. In the first embodiment of the device as shown 
in Figures 1 and 2, the constriction 13 has a height hi at the location of its entrance 35 of 
approximately 200 |am and a height h 2 at the location of its end 37 of approximately 220 jam. 
Between the entrance 35 and the end 37 of the constriction 13 the height h of the constriction 
13 gradually increases from 200 fjm to 220 |nm. An angle of inclination a of the wall 25 
gradually decreases from a maximal value ai at the location of the entrance 35 to a minimal 
value ot2 at the location of the end 37, which is due to the fact that the decrease of the 
pressure per unit of length, caused by the viscous flow losses, is proportional to the square of 
the local flow velocity and, therefore, decreases in the main flow direction X. 

As described before, in the first embodiment of the device shown in Figures 1 
and 2 the necessary increase of the cross-sectional area of the constriction 13 in the main 
flow direction X is achieved as a result of the fact that the height h of the constriction 13 
increases in said direction. In this embodiment, the width of the constriction 13 is constant in 
the main flow direction X. It is noted that the invention also covers embodiments in which 
the necessary increase of the cross-sectional area of the constriction in the flow direction is 
achieved in another way, for example by means of a constant height of the constriction and 
an increasing width of the constriction, or by both an increasing height and an increasing 
width of the constriction. 

Figure 3 shows a constriction 39 of a second embodiment of a device for 
generating X-rays according to the invention. Parts of the second embodiment, which 
correspond with parts of the first embodiment as shown in Figures 1 and 2, are indicated by 
means of corresponding reference numbers. Apart from the constriction 39, the second 
embodiment substantially corresponds with the first embodiment, and therefore the other 
parts of the second embodiment are not shown in Figure 3 and will not be discussed. The 
constriction 39 is bounded by a wall 41 opposite to the window 23, which does not have a 
fixed profile as opposed to the wall 25 in the first embodiment described before. The wall 41 
is a surface of a relatively thin metal plate 43 with, in the embodiment shown, a thickness of 
200 |jm. The plate 43 and accordingly also the wall 41 are defonnable in a direction 
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transverse to the main flow direction X by means of a number of piezo-electric actuators 45, 
which are accommodated in a closed chamber 47 below the plate 43. La an undeformed state, 
the wall 41 has a profile p which roughly corresponds with the profile of the wall 25 in the 
first embodiment shown in Figure 2. Thus, like the constriction 13 in the first embodiment, 
the constriction 39 has a cross-sectional area the increase of which, seen in the main flow 
direction X, is such that it causes a decrease in the main flow direction X of the flow velocity 
such that the decrease of the pressure of the liquid metal in the constriction 39, caused by the 
viscous flow losses, roughly corresponds with, and hence is roughly compensated by, the 
increase of the pressure in the main flow direction X caused by the Bernoulli effect resulting 
from said decrease of the flow velocity. 

The second embodiment further comprises a control member 49 which 
controls the actuators 45 as a function of a pressure of the liquid metal in the constriction 39 
measured by means of a pressure sensor. In the embodiment shown, the piezo-electric 
actuators 45 are also used as pressure sensors, the actuators 45 periodically supplying 
electrical signals upj corresponding with a pressure exerted on the actuators 45 to the control 
member 49, and the control member 49 periodically supplying electrical signals uo,i 
corresponding with a deformation of the actuators 45 determined by the control member 49 
in response to the signals up,*. The signals ud,i are determined by the control member 49 to be 
such, and accordingly the wall 41 is deformed to have such a profile p\ that the pressure of 
the liquid metal in the constriction 39, measured by each of the actuators 45, corresponds 
with a predetermined constant value below 1 bar. Thus, it is achieved that the pressure of the 
liquid metal in the constriction 39 is maintained at said predetermined value in a very 
accurate manner, particularly in case of deviations of the pressure and of the velocity of the 
liquid metal in the converging part 11. The piezo-electric actuators 45 are suitable for 
generating relatively small and accurate deformations of the wall 41, so that the profile p' of 
the wall 41 can be adjusted very accurately. In addition, the structure of the device is 
relatively simple in that the actuators 45 also constitute the necessary pressure sensors. It is 
however noted that the invention also comprises embodiments in which separate pressure 
sensors are used to measure the pressure of the liquid metal in the constriction 39, and/or in 
which another type of actuator is used. The invention also comprises embodiments in which 
the structure of the device is further simplified in that fewer actuators and pressure sensors 
are used. 



